The bacterium Bacillus thuringiensis produces insecticidal crystals during sporulation. These crystals consist of protein subunits called 8-endotoxins, or Cry proteins. Genes encoding Cry proteins have been classified into four groups on the basis of relatedness and insect specificity (10) . Cryl proteins are toxic to insects of the order Lepidoptera. The genetics, specificity, and protein engineering of the Cryl 8-endotoxins have recently been reviewed (7) .
When susceptible larvae ingest Cryl crystals, 130-to 140-kDa protoxins are released in the alkaline midgut. Midgut proteases process the protoxin to form a stable 55-to 70-kDa toxin core. Activated toxin subsequently binds to epithelial cells lining the midgut. Bound toxin disrupts the midgut epithelial cells, causing lysis. To study early events in the action of B. thuringiensis toxins, investigators have developed various in vitro assays. For studying binding phenomena, the most useful of these assays is one that utilizes brush border membrane vesicles (22) . It has been shown that B. thuringiensis toxins bind with high affinity to specific binding molecules present in the brush border membranes of susceptible insects. Recent works have correlated the presence of high-affinity binding sites to insecticidal activity (6, 18, 20, 21) .
We have used CryIA(c)-type 8-endotoxin from Bacillus thuringiensis subsp. kurstaki HD-73 to examine toxin-binding molecule interactions with brush border membrane vesicles from Manduca sexta, Heliothis virescens, Helicoverpa zea, and Spodoptera frugiperda midguts. These insects represent highly susceptible (M. sexta and H. virescens), moderately susceptible (H. zea), and tolerant (S. frugiperda) species. We report the presence of CryIA(c) toxin-binding sites in both susceptible and naturally resistant insects. Secondly, we 20 ,000 x g centrifugation and then dissolved in 50 mM Tris-Cl-300 mM NaCl, pH 8.5. The dissolved precipitate was dialyzed overnight against 50 mM Tris-CI-100 mM NaCl, pH 8.5, and particulates were removed by centrifugation at 20,000 x g. The protein sample was applied to an anion-exchange column (Sepharose-Q; Pharmacia) and eluted with a linear gradient of 100 to 600 mM NaCl in 50 mM Tris-Cl, pH 8.5. The toxin fractions were pooled and further purified over a Sephacryl S-300 (Pharmacia) column. Protein concentrations were determined by using Bio-Rad protein solutions with bovine serum albumin (BSA) as a standard (1) .
Protein iodination. Toxin was iodinated by the chloram- 7.4] ) and cut longitudinally, the peritrophic membrane and food contents were removed, and the midgut was frozen on dry ice. Frozen tissue was ground in a Potter-Elvenhem homogenizer in ice-cold grinding buffer containing 0.1 mM phenylmethylsulfonyl fluoride. CaCl2 was added to 10 mM, and the homogenate was stirred on ice for 15 min. The mixture was centrifuged at 4,300 x g for 10 min at 5°C, and the pellet was discarded. The supernatant was then reclarified. The reclarified supernatant was centrifuged at 27,000 x g for 10 min, and the pellet was resuspended in 0.32 M sucrose. The suspension was passed through a 27-gauge needle and stored at -70°C. Rat intestinal brush border membrane vesicles were prepared by a precipitation method using Mg-EGTA (16) .
Insect bioassays. Toxicity assays were performed on neonatal larvae as follows. CryIA(c) toxin was diluted in phosphate-buffered saline (58 mM Na2HPO4, 17 mM NaH2PO4, 6 .8 mM NaCl [pH 7.4]) with 0.1% BSA. Samples (10 ,ul containing 0 to 2,000 ng of toxin) were applied to the diet surface and allowed to dry. First-instar larvae were placed onto diet and reared at 26°C. Mortality and insect weight were scored after 4 (M. sexta) or 7 (H. virescens, H. zea, and S. frugiperda) days. The results were analyzed by probit analysis (2, 4) .
CryIA(c) toxin binding to membrane vesicles. Brush border membrane vesicles (14 p,g of protein) were incubated at room temperature for 30 min with 0.14 nM 1251-toxin, either alone or in combination with various amounts of unlabeled toxin, in 0.1 ml of phosphate-buffered saline containing 0.1% BSA. The samples were then centrifuged for 5 min at 13,000 x g, and the unbound toxin was removed by aspiration. The pellet containing brush border membrane vesicle and the bound toxin was washed twice with 0.5 ml of phosphatebuffered saline containing 0.1% BSA. Bound radioactivity was then counted in a Beckman Gamma 4000 detector. Homologous competition experiments were performed as described above with various amounts of unlabeled toxin (0.01 to 1,000 nM) added. Scatchard and Hill analyses were performed using the EBDA/LIGAND program obtained from Biosoft/Elsevier (Milltown, N.J. Approximately 108 cpm of 1251-toxin (0.14 nM) was added to 50 ml of Tris-buffered saline with 0.1% BSA and incubated with the filter for 3 h at room temperature with constant shaking. Nonbound radioactivity was aspirated, and the filter was washed four times (20 min for each wash) in Tris-buffered saline with 0.1% Tween 20. The filter was blotted dry and exposed for 1 h to Kodak X-Omat AR X-ray film with a DuPont Cronex Lightning Plus intensifying screen at -70°C.
Competition assays were performed as described above, except that either unlabeled toxin (100 nM), N-acetylgalactosamine (50 mM), or N-acetylglucosamine (50 mM) was added to the toxin-binding mixture. Films were scanned with a laser densitometer (Molecular Dynamics).
RESULTS
Insect bioassays with CryIA(c) toxin. The insects in this study were chosen because they represent species which differ in their susceptibilities to B. thuringiensis HD-73 crystals (7, 13 (Fig. 3) . M. sexta displayed a major band at 120 kDa (Fig. 3, lane 5) , and S. frugiperda had only one band at 148 kDa (Fig. 3, lane 2 all had the 120-kDa band present, but at differing intensities, while S. frugiperda did not exhibit a 120-kDa polypeptide. Rat brush border membrane proteins, run as a control, exhibited no detectable binding (Fig. 3, lane 1) .
DISCUSSION
We have determined the binding characteristics and molecular sizes of putative high-affinity binding sites for 12511
CryIA(c) toxin in the midgut brush border membrane vesicles of selected sensitive and naturally resistant insects. Complementary approaches were taken to characterize target sites in the insect midgut: homologous competition binding assays and protein blot binding.
As an initial step, we established insecticidal activity of CryIA(c) toxin. Results for the highly susceptible insects M. sexta and H. virescens were similar to those of previous reports (18) . H. zea was 100-fold less sensitive to CryIA(c) toxin than H. virescens. MacIntosh et al. (13), using B. thuringiensis HD-73 crystals, reported a 10-fold difference between those insects. S. frugiperda was not killed at the highest dose tested (2,000 ng/cm2), which is consistent with the tolerance of other Spodoptera species for CryIA(a) and CryIA(c) proteins (19) .
Competition binding assays indicated high-affinity binding sites for each species tested. M. sexta and H. virescens, both highly susceptible species, have binding sites for CryIA(c) toxin (18; this report). H. zea is 100-fold less sensitive than M. sexta and H. virescens but has a similar concentration and affinity of binding sites. Even brush border membrane vesicles from naturally resistant S. frugiperda have a relatively small number (4.5 pmol/mg) of high-affinity ( (21) . However, CryIA(c) toxin binding to S. frugiperda vesicles is not completely analogous to that for L. dispar vesicles because of the greater tolerance of S. frugiperda for high CryIA(c) toxin doses. This paper and Wolfersberger's work (21) report high-affinity binding and low toxicity with CryIA(c) toxin. In contrast, Van Rie et al. (19) reported no binding of CryIA(a) toxin to brush border membrane vesicles from Spodoptera litoralis. Also, we cannot dismiss the possibility that a critical concentration of binding sites is needed for toxicity, but the 5-to 10-foldlower concentration of binding sites in S. frugiperda vesicles appears insufficient to account for the higher level of resistance.
As others have proposed (6) , recognition of a binding site in the insect midgut is an important part of B. thuringiensis toxemia, but there are other determinants of potency. This proposal fits the current models for Cryl toxin action via pore formation, which leads to colloid osmotic lysis. Pore formation could be direct, through toxin integration into the cell membrane (10) , or indirect, by disrupting receptor function (14) . It (18) , M. sexta was expected to have one CryIA(c) toxinbinding site. This lends support to the hypothesis of the 120-kDa protein as a binding site (Fig. 3) . We observed two additional proteins that bind less CryIA(c) toxin on blots ( Fig. 2 and 3 
